Abstract Increased circulating endothelial cells (CECs) have been observed in patients with vascular injury associated with acute myocardial infarction, pulmonary hypertension, and congestive heart failure. Decreased circulating endothelial progenitor cells (EPCs) have been observed in patients with risk factors for cardiovascular disease. Obstructive sleep apnea (OSA) is associated with increased risk of cardiovascular disease and endothelial dysfunction. Subjects were recruited from patients referred for overnight polysomnograms; 17 subjects had OSA and 10 control subjects did not have OSA. All subjects lacked vascular disease and risk factors for vascular disease. Peripheral blood was obtained from fasting subjects in the morning, following sleep studies. CECs and EPCs were quantified using magnetic bead separation with UV epifluorescence microscopy and flow cytometry immunophenotyping, respectively. Cell counts and demographic variables were compared using unpaired t tests. Regression analysis was performed comparing cell counts with the apnea-hypopnea index (AHI) and nadir SaO 2 . Subjects with OSA and controls did not differ significantly in terms of age and body mass index. Subjects with OSA had higher AHI, lower nadir SaO 2 , and greater sleepiness (Epworth Sleepiness Scale scores). There were no significant differences in CEC (7.0 ± 1.5 vs. 4.9 ± 0.9, p [ 0.05) or EPC (1077 ± 318 vs. 853 ± 176, p [ 0.05) between controls and OSA cases, respectively. In this small study, we found no differences in CECs or circulating EPCs between patients with OSA and controls. OSA may not be associated with these markers of vascular endothelial cell injury in patients with no concomitant vascular disease.
Introduction
There is evidence of a clear association between obstructive sleep apnea (OSA) and cardiovascular diseases, including hypertension [1] , congestive heart failure [2] , coronary artery disease, and stroke [3] . Endothelial cell injury or dysfunction is important in the pathogenesis of cardiovascular disease [4] . There is growing evidence that patients with obstructive sleep apnea (OSA) have evidence of endothelial dysfunction, as assessed by functional measures such as endothelial-dependent vasodilation [5, 6] . Circulating endothelial cells (CECs) have been reported to be increased in a variety of conditions in which vascular injury might be expected, such as sickle cell anemia with crisis [7] , acute coronary syndrome [8] , congestive heart failure [9] , both primary and secondary pulmonary hypertension [10] , and systemic sclerosis [11] . It is possible that detached circulating endothelial cells are a marker for vascular endothelial cell damage and thus might be elevated in patients with OSA.
There is growing evidence that postnatal neovascularization involves circulating endothelial progenitor cells (EPCs) derived from bone marrow [12] . Decreased levels of circulating EPCs have been reported to be predictive of future cardiovascular events in patients with stable coronary artery disease and acute coronary syndromes [13] and in patients with angiographic evidence of coronary artery disease [14] . In contrast, increased circulating EPCs were associated with survival in patients with acute lung injury [15] . Thus, circulating EPCs may be predictive of favorable outcome from vascular injury.
In this study, we prospectively assessed whether CECs and circulating EPCs are markers of the cellular response to vascular injury in patients newly diagnosed with OSA but without concomitant vascular disease. We hypothesized that increased numbers of CECs and decreased numbers of EPCs would be observed in this cohort of untreated OSA patients.
Methods

Study Participants
This study was approved by the Institutional Review Boards of The Rhode Island Hospital and the Providence VA Medical Center. Subjects were recruited for this study from patients referred for overnight polysomnograms at The Rhode Island Hospital. After patients had been diagnosed with OSA (apnea-hypopnea index [AHI] of [ 10 events/h), they were approached about participation in the study by either a study coordinator or principal investigator. Age-and weight-matched controls with AHI \ 5 events/h were also recruited from this population undergoing clinical polysomnography. Exclusion criteria included known coronary artery disease, congestive heart failure, cor pulmonale, systemic or pulmonary hypertension, sickle cell disease, diabetes mellitus, systemic hypertension, hypercholesterolemia, current tobacco use, collagen vascular disease, or pregnancy.
Polysomnography
Consecutive subjects were evaluated in the Sleep Disorders Center at The Rhode Island Hospital and underwent full inlaboratory overnight polysomnography prior to enrollment. Subjects were instrumented in the hour before the study. Sleep was recorded and scored according to standard methods [16] , measuring electroencephalogram, limb movements, extraocular movements, chin electromyogram (EMG), airflow at the mouth and nares by thermister, nasal pressure (Protech, Woodinville, WA), chest and abdominal wall movement (piezo belts, New Life Technologies, Midlothian, VA), anterior tibialis EMG, electrocardiogram, and arterial oxygen saturation (SaO 2 , Sensormedics, Yorba Linda, CA). The signals were recorded on computer (Dell Optiplex GXI recording system, VA) using Sensormedics software (Sensormedics, Yorba Linda, CA). Obstructive breathing events (apneas and hypopneas) were defined and scored according to standard research criteria [17] . Hypoxemia was quantified by the nadir saturation (%) during obstructed events. Sleep fragmentation was quantified using the number of American Sleep Disorders Association (ASDA)-defined (C3 s) arousals and awakenings (C15 s). All studies were reviewed and interpreted by a studyblinded, board-certified, sleep medicine physician.
Venous Blood Sampling
In the morning after sleep, within 2 weeks of the initial polysomnogram (and prior to any treatment for OSA), a fasting blood sample was obtained by venipuncture of an antecubital vein with a 21-gauge needle. The first 10 ml of whole blood from each phlebotomy was discarded and not used for cell analysis to avoid contamination of the sample by endothelial cells dislodged by venipuncture. The next 12 ml of blood was collected into heparinized or EDTAcoated tubes for subsequent analysis.
Circulating Endothelial Cells (CECs)
CECs were isolated using magnetic beads by the method described by Solovey et al. [7] . Magnetic beads precoated with pan mouse IgG (Dynal Biotech/Invitrogen, Carlsbad, CA) were washed in phosphate-buffered saline (PBS) plus 0.1% bovine serum albumin (BSA). Beads (2 9 10 7 ) were incubated with 1 lg mouse a-CD146 (Upstate Chemicon, Temecula, CA) in 1 ml PBS plus BSA for 30 min. Whole blood (8 ml) was collected in EDTA tubes, centrifuged, and the buffy coat was washed in PBS plus BSA and 1 mM EDTA and then resuspended with 5 9 10 5 beads/ml. Beads were incubated with tilting for 15 min, then separated from the blood mixture with a magnetic concentrator (Dynal Biotech/Invitrogen, Carlsbad, CA) and washed 59 with PBS plus BSA. The beads were then vigorously micropipetted and resuspended with 1 lg/ml Hoechst. Endothelial cells were manually counted by an observer blinded to patient status using UV epifluorescence microscopy. CECs were identified by cell diameter of 20-50 lm, distinguishable nucleus and cytoplasm, and surrounded by a rosette of more than four beads. Data were expressed as cells per milliliter of blood.
Circulating Endothelial Progenitor Cells (EPCs)
The method described by Del Papa was used [11] . Blood (4 ml) was collected in heparinized tubes and incubated in 200-ll aliquots for 15 min with fluorochrome-conjugated monoclonal antibodies CD45-APC, CD34-PerCP, and CD133-PE (Becton-Dickinson, Franklin Lakes, NJ). Red blood cells were lysed with lysing solution (Becton-Dickinson) and three-color flow cytometry analysis was performed with collection of 200,000-600,000 events using a FACS Calibur (Beckton-Dickinson). Isotype controls were used to confirm low nonspecific binding. Gating analysis was performed on all nondebris events with lower side scatter than the lower bound of the monocyte gate. A reproducible population of cells that exhibited a highly positive CD34 signal and a weakly positive CD45 signal (less than that of the lymphocyte gate but greater than that of the negative control) was identified. Cells in this gate were considered circulating EPCs if they also expressed a highly positive CD133 signal. All analysis was performed by an observer blinded to patient status. Results were expressed as cells per milliliter of blood.
Statistical Analysis
All data are presented as mean ± SEM. Differences between means were tested for significance using an unpaired Student's t test. Differences were considered significant when p \ 0.05. Confidence interval for the difference between two means was determined as at confidence level of 95%. Figure 1 is illustrative of a typical experiment purifying circulating endothelial cells from whole blood using immunomagnetic beads bound to a-CD146, an antibody known to purify mature endothelial cells. Figure 2 illustrates flow cytometry immunophenotyping of circulating endothelial progenitor cells. A population of cells with distinct forward-scatter and side-scatter characteristics (R1) (Fig. 2a) was shown to express high levels of CD34, yet low levels of CD45 (Fig. 2c) . A subset of these cells (R2) further demonstrated high levels of CD133 (Fig. 2d ), yet negative for CD146 (Fig. 2e) . These data are characteristic of flow cytometry immunophenotyping of EPC.
Results
Subject characteristics described in Table 1 demonstrate that subjects with OSA did not differ significantly from controls without OSA in terms of age and body mass index. Predictably, subjects with OSA had higher AHI, lower nadir SaO 2 , and greater sleepiness, as assessed by Epworth Sleepiness Scale scores.
The numbers of CECs and circulating EPCs in subjects with OSA and controls are depicted in Fig. 3 . There were no statistically significant differences between the groups with respect to numbers of CECs (95% confidence interval [CI] = 1.018-5.062, p = 0.18) and circulating EPCs (95% CI = 464.48-911.54, p = 0.51). Assessment of correlations between numbers of CECs and circulating EPCs and AHI and nadir SaO 2 in all subjects yielded no statistically significant correlations.
Discussion
In this study we observed no statistically significant differences in either circulating endothelial cells or circulating endothelial progenitor cells in the blood of subjects with OSA compared with that of age-and weight-matched controls. This result was surprising in view of the clear association of OSA with cardiovascular disease [18] and evidence of endothelial dysfunction in OSA [5, 6] . There are several possible reasons for our findings. First, the numbers of CECs and circulating EPCs that can be identified from peripheral blood samples are small, even in patients with cardiovascular disease [19] . The number of CECs in control subjects is similar to that reported by others [7] [8] [9] . Thus, due to the relatively rare event analysis, the sample sizes in this study may have been too small to detect differences. Our results suggest a trend for decreased CECs and EPCs in OSA. We purposely excluded subjects with pre-existing vascular disease (such as sickle cell anemia or scleroderma), a condition known to be associated with altered numbers of CECs or circulating EPCs, and those with risk factors for cardiovascular disease. The reason for these exclusions was that we wished to assess the effect of OSA alone on CECs. Thus, it is possible that changes in CECs and circulating EPCs are present in patients with concomitant OSA and cardiovascular disease. In addition, there may be differential susceptibility to cardiovascular disease in OSA patients depending on predisposing factors such as degree of sleepiness [20] or fat distribution [21] .
We obtained blood samples from patients in the morning. It is possible that CECs and circulating EPCs are elevated only during sleep-associated hypoxemia or have some degree of circadian rhythm that is not known. There is previously identified circadian variability in the blood pressure of OSA patients, the so-called ''nondipping'' [22] , and in more specific tests of endothelial integrity such as flow-mediated endothelial relaxation, circadian variation has been identified [23] .
These studies were done at the time of diagnosis of OSA. We do not know how long OSA had existed in these Table 1 Characteristics of study subjects OSA (17) Control (10) Age ( subjects. It is possible that there is a threshold duration of OSA that is necessary for changes in CECs and circulating EPCs to be observed.
Finally, we assessed circulating EPCs using flow cytometry alone. It is possible that the assay of endothelial colony-forming units [24] might be more specific and therefore more likely to detect differences between subjects with OSA and controls.
The impact of hypoxia has been described as an important determinant of endothelial injury in OSA patients [25] . The subjects in this study had moderate degrees of desaturation, as assessed by nadir SaO 2 . If hypoxia is critical to changes in either CECs or circulating EPCs, then it is possible that subjects with more profound nocturnal desaturation, such as those with lower resting lung volumes [26, 27] or longer apnea duration [28] , might demonstrate altered numbers of CECs and circulating EPCs. In addition, we chose to express the degree of hypoxemia as nadir SaO 2 , which may not be as sensitive as other noninvasive markers such as percentage of time during sleep spent with an SaO 2 \ 90%.
In the current study, we did not characterize the state of activation or viability of the CECs or EPCs. Recently, El Solh et al. [29] reported a significant increase in the number of CD146-positive and annexin V-positive cells in patients with OSA. The authors concluded that apoptotic CECs are increased in OSA. However, El Solh et al. acknowledge that they did not rigorously exclude patients with coronary artery disease. In our study, subjects were included only if they did not have vascular disease, risk factors for atherosclerosis, and other conditions reported to alter CECs.
Our results contrast with several papers suggesting an altered endothelial relaxation in patients with OSA. These global measures of endothelial function do show altered endothelium-dependent and -independent relaxation in patients with OSA, but do not speak to the mechanism. We did not observe substantial differences in the numbers of CECs, but it is likely that the cells remaining within the endothelium in OSA do not function normally.
In summary, this study did not reveal differences in circulating endothelial cells and circulating endothelial progenitor cells in subjects with OSA who did not have vascular disease or risk factors for cardiovascular disease. These results suggest that circulating endothelial cells and circulating endothelial progenitor cells are not markers of endothelial cell injury in patients with OSA without concomitant vascular disease.
